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ABSTRACT
Winds and supernovae from OB associations create large cavities in the interstellar
medium referred to as superbubbles. The Orion molecular clouds are the nearest high-
mass star-forming region and have created a highly elongated, 20◦ x 45◦, superbubble.
We fit Kompaneets models to the Orion–Eridanus superbubble and find that a model
where the Eridanus side of the superbubble is oriented away from the Sun provides
a marginal fit. Because this model requires an unusually small scaleheight of 40 pc
and has the superbubble inclined 35◦ from the normal to the Galactic plane, we
propose that this model should be treated as a general framework for modelling the
Orion–Eridanus superbubble, with a secondary physical mechanism not included in
the Kompaneets model required to fully account for the orientation and elongation of
the superbubble.
Key words: stars: formation – ISM: bubbles – ISM: clouds – ISM: Individual (Orion–
Eridanus Superbubble) – ISM: structure.
1 INTRODUCTION
High-mass stars account for only a small fraction of the
total mass of stars in the Galaxy, but dominate the en-
ergetics of the molecular clouds in which they form and
significantly alter the conditions of the interstellar medium
(ISM) in their vicinity (e.g. Zinnecker & Yorke 2007). High-
mass stars produce large fluxes of ionizing radiation that
form large Hii regions (e.g. Shields 1990). The strong winds
of massive stars, coupled with the supernova blast waves
created when these stars die, also create large, low-density
cavities in the ISM that are filled with very hot gas (e.g.
Heiles 1976; McCray & Kafatos 1987; Staveley-Smith et al.
1997; Heyer et al. 1998; Churchwell et al. 2006, 2007;
Bagetakos et al. 2011). Extremely large, ionized bubbles
that are formed from the collective energies of an OB as-
sociation are referred to as superbubbles.
The closest high-mass star-forming region to the Sun
that is currently forming massive stars is the Orion star-
forming region, containing the Orion molecular clouds,
which is located at a distance of 400 pc from the Sun
(Hirota et al. 2007; Menten et al. 2007; Sandstrom et al.
2007). The Orion star-forming region is surrounded by a
highly elongated superbubble, with dimensions of 20◦ × 45◦
as seen in Hα emission (Bally 2008), that is referred to as
the Orion–Eridanus superbubble. Following the methodol-
ogy of Basu, Johnstone & Martin (1999), we attempt to fit
the Orion–Eridanus superbubble with an analytic superbub-
ble model to constrain the orientation and properties of the
Orion–Eridanus superbubble.
Kompaneets (1960) derived the structure of a bubble
blown into an exponential atmosphere by a single explo-
sion and this model has since been extended to bubbles
driven by constant energy sources, such as stellar winds
or series of supernova explosions (e.g. Basu et al. 1999).
Kompaneets models have been used to fit both observed
(Basu et al. 1999; Pidopryhora, Lockman & Shields 2007;
Baumgartner & Breitschwerdt 2013) and simulated super-
bubbles (Stil et al. 2009), and have been shown to produce
superbubble shapes consistent with the shapes produced by
more complex models (Mac Low, McCray & Norman 1989).
In Section 2, we describe Kompaneets models in more
detail and note the general features of the Orion–Eridanus
superbubble. In Section 3, we fit Kompaneets models to
the Orion–Eridanus superbubble and the quality of these
fits is discussed in Section 4. The location of the ionization
front within the superbubble is constrained in Section 5.
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Secondary processes not included in the Kompaneets model
that might also influence the evolution of superbubble are
discussed in Section 6, and we summarize our findings in
Section 7. We also include in Appendix A a summary of the
physical properties of the superbubble derivable from our
best-fitting Kompaneets model.
2 BACKGROUND
2.1 Kompaneets Model
Kompaneets (1960) derived a semi-analytic solution for the
propagation of a shock wave into a purely exponential atmo-
sphere that is applicable to the evolution of a superbubble
in the Galaxy’s disc. This model has since been modified
to allow for gas cooling (Maciejewski & Cox 1999); a time
variable energy input rate (Baumgartner & Breitschwerdt
2013); or a continuous injection of energy, as would be
produced from stellar winds or a succession of super-
novae (Schiano 1985; Basu et al. 1999). A Kompaneets
model has been used to successfully model numerous
superbubbles, including the W4 superbubble (Basu et al.
1999; Baumgartner & Breitschwerdt 2013), the Ophiuchus
superbubble (Pidopryhora et al. 2007), and the local
bubble (Baumgartner & Breitschwerdt 2013). While more
sophisticated numerical simulations of superbubbles exist
(Tomisaka & Ikeuchi 1986; Mac Low & McCray 1988;
Bisnovatyi-Kogan, Blinnikov & Silich 1989; Mac Low et al.
1989; Tenorio-Tagle, Rozyczka & Bodenheimer 1990;
Tomisaka 1992, 1998; Stil et al. 2009), Kompaneets models
have been shown to provide an excellent first-order solution
for the shape of a bubble expanding in an exponential
atmosphere (e.g. Mac Low et al. 1989). Kompaneets mod-
els are the current, de facto choice for analytic models of
superbubbles. For this paper, we will use the continuous
injection variant described in detail by Basu et al. (1999)
and will refer to such a model simply as a Kompaneets
model.
The three key assumptions of the Kompaneets model
are (1) the pressure within the bubble is spatially uniform,
(2) the bubble expands in the direction of the surface normal
at all locations, and (3) the expansion speed of the bubble is
given by Hugoniot jump conditions for a strong shock, where
the exterior pressure is negligible compared to the interior
pressure. The Kompaneets model predicts that the location
of the wall of the superbubble is given by
r(z, y) = 2H arccos
[
1
2
ez/2H
(
1−
y2
4H2
+ e−z/H
)]
, (1)
where r is the perpendicular distance from the central axis
of the superbubble to the bubble wall, z is the distance along
the central axis from the driving source, H is the scaleheight
of the exponential atmosphere, and y is a parameter with
dimensions of length which varies from 0 to 2H and essen-
tially specifies the evolutionary stage of the bubble, with
more evolved bubbles having a larger value of y.
At early times in the evolution of a Kompaneets model,
the superbubble remains relatively spherical and the y pa-
rameter is roughly equal to the radius of the superbub-
ble. After a bubble expands to a radial size approximately
equal to the scaleheight of the exponential atmosphere, when
y ∼ H , the bubble begins to elongate significantly towards
the lower density direction of the exponential atmosphere.
Because of the constant pressure assumption of the Kompa-
neets model, at late times in the expansion of a Kompaneets
model superbubble, the velocity of the top cap of the bubble
becomes very large and the top cap reaches an infinite dis-
tance from the source in a finite time. For this paper, we will
adopt the convention used by Basu et al. (1999) and work
with the dimensionless quantity y˜ = y/H , since the shape
of a superbubble is fully described by the value of y˜.
To convert model size scales to physical units, one
length scale must be specified. This length scale can be the
scaleheight of the exponential atmosphere or the length of
one feature of the bubble, specified by giving the distance
and angular size of the feature. The pressure within the
bubble, expansion velocity, time since the creation of the
bubble, surface density of the bubble wall, interior temper-
ature, driving luminosity, and initial density of the expo-
nential atmosphere at the location of the driving source can
all be given in physical units if two of these parameters are
specified. Furthermore, the location of the ionization front
can also be determined if, in addition to two of the above-
mentioned parameters, the ionizing luminosity of the source
and the temperature of the bubble wall are also provided.
See also table 1 of Basu et al. (1999) for the dimensional
relationships between model parameters and appendix A of
Basu et al. (1999) for a more detailed description of Kom-
paneets models.
2.2 Orion–Eridanus Superbubble
In this paper, all references to north or south refer to in-
creasing or decreasing declination and references to east or
west refer to increasing or decreasing right ascension, unless
otherwise specified. References to above or below, however,
will refer to directions along the major axis of the Orion–
Eridanus superbubble either towards the lower density por-
tion of the exponential atmosphere or the higher density
portion, respectively. Thus, the top of the bubble will be
the portion of the bubble farthest from the source and sur-
rounded by lower density regions of the exponential atmo-
sphere, and the bottom of the bubble will be the portion of
the bubble closest to the source and surrounded by higher
density portions of the exponential atmosphere. Similarly,
we will use upper and lower to refer to directions along the
major axis of the bubble. While ‘above’ or ‘towards the top’
will generally refer to larger absolute magnitudes of Galactic
latitude, we emphasize that we intend these terms to refer
to directions along the major axis of the superbubble and
not a direction along a line of constant Galactic longitude,
since the Orion–Eridanus superbubble’s major axis appears
to make an angle of approximately 30◦ to the normal to the
Galactic plane in the plane of the sky.
The Orion star-forming region is the nearest OB star-
forming region to the Sun that is actively forming stars
and is located 400 pc away in the constellation of Orion
(Hirota et al. 2007; Menten et al. 2007; Sandstrom et al.
2007). It is approximately 130 pc distant from the Galactic
plane and contains both young subgroups of stars and two
molecular clouds in which stars are actively forming (e.g.
Bally 2008).
The Orion star-forming region is surrounded by promi-
nent Hα features that appear to trace out a 20◦ x
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Figure 1. Orion–Eridanus superbubble as seen in Hα. Labels for
the various major components of the bubble have been added to
the image from Di Cicco & Walker (2009). Arcs A, B, and C are
collectively referred to as the Eridanus filaments. The locations of
additional small molecular clouds have been indicated, although
many of these clouds are not obviously visible in the image, such
that the arrows have been placed to point towards the known
locations of the clouds.
45◦ elongated superbubble structure, with enhanced Hα
flux within the confines of the bubble (e.g. Pickering
1890; Barnard 1894; Elliott & Meaburn 1970; Elliott 1973;
Isobe 1973; Reynolds, Roesler & Scherb 1974; Sivan 1974;
Johnson 1978; Reynolds & Ogden 1979; Boumis et al. 2001;
Haffner et al. 2003). The east side of the superbubble is
dominated by a bright crescent of Hα emission, which is re-
ferred to as Barnard’s Loop (Pickering 1890; Barnard 1894).
The west side of the superbubble is composed of a hook
shaped Hα feature, in the constellation of Eridanus, that
can be broken into three arcs (e.g. Meaburn 1965, 1967;
Johnson 1978). Arc A is the eastern half of the hook, Arc B
is the western half of the hook, and Arc C is the southern
extension of the hook. For the remainder of this paper, when
we refer to Arcs A, B, and C, we will be specifically referring
to the Hα emitting regions, and will refer to these three arcs
collectively as the Eridanus filaments. The properties of the
Eridanus filaments are discussed in more detail in Pon et al.
(2014).
The primary image used in this paper for deter-
mining the shape of the Orion–Eridanus superbubble is
a wide field Hα mosaic taken by astrophotographers
(Di Cicco & Walker 2009), which initially contained no spe-
cific astrometric information and was not calibrated to a
known intensity scale. We identify 18 bright stars in the im-
age and use their locations, as given in the Hipparcos data
base (van Leeuwen 2007), to astrometrically calibrate the
image. This image is shown in Fig. 1 and the most promi-
nent Hα features are labelled in this figure.
The Orion–Eridanus superbubble is also traced by
a large H i cavity (Menon 1957; Heiles & Habing
1974; Heiles 1976; Green 1991; Burrows et al. 1993;
Brown, Hartmann & Burton 1995; Kalberla et al. 2005), al-
though the H i cavity extends beyond the apparent Hα limits
of the superbubble, as might be expected if the ionizing pho-
tons from the Orion star-forming region fully penetrate the
walls of the superbubble. This larger H i extent is also seen


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
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Figure 2. Diffuse X-ray emission observed by the ROSAT satel-
lite (Snowden et al. 1997). The top panel shows the 0.25 keV,
R12 band and the bottom panel shows the 0.75 keV, R45 band.
The contours are integrated intensities of Hα from the WHAM
survey (Haffner et al. 2003) and are logarithmically spaced with
each contour corresponding to a factor of 2 increase in intensity.
The lowest contour corresponds to an integrated intensity of 10 R.
The locations of Arc A, Arc B, and Barnard’s Loop are labelled.
in the Ophiuchus superbubble, which has been successfully
fit by a Kompaneets model (Pidopryhora et al. 2007).
Rocket- and satellite-based X-ray surveys show
that there is a diffuse enhancement of soft, 0.25 and
0.75 keV, X-rays towards the Orion–Eridanus super-
bubble (Davidsen et al. 1972; Williamson et al. 1974;
Naranan et al. 1976; Long et al. 1977; Fried et al. 1980;
Nousek et al. 1982; Singh et al. 1982; McCammon et al.
1983; Marshall & Clark 1984; Garmire et al. 1992;
Burrows et al. 1993; Guo et al. 1995; Snowden et al.
1995, 1997). This X-ray emission comes from plasma with
a temperature of approximately 2 × 106 K (Burrows et al.
1993), as would be expected for the hot interior of a
superbubble. Fig. 2 shows the 0.25 and 0.75 keV bands of
the Ro¨ntgensatellit (ROSAT) mission, which are the R12
and R45 bands, respectively, of Snowden et al. (1997).
The enhanced 0.75 keV X-ray emission extends from the
Orion star-forming region to Arc B and does not significantly
extend north or south of the Hα declination limits of the su-
perbubble or to the east of Arc B, suggesting that the Hα
does indeed trace the superbubble walls. There is, however,
some 0.25 keV emission extending to the south of the super-
bubble’s southernmost Hα boundary. The 0.25 keV emission
partially fills a H i void extending south to a declination of
-20◦, between right ascensions of 4h and 4h30m, with the X-
ray emission preferentially filling the north-west side of the
c© 0000 RAS, MNRAS 000, 000–000
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H i extension. This southern extent of the 0.25 keV emission
has been suggested as being due to a separate bubble blown
by a single star (Burrows et al. 1993), a small-scale blowout
of the superbubble (Heiles, Haffner & Reynolds 1999), or
the diffuse hot halo background (Snowden et al. 1995). The
leakage of hot gas from the interior of a bubble appears to
be common for evolved H ii regions (Lopez et al. 2013).
A more detailed summary of prior observations of the
superbubble is presented in Pon (2013).
2.3 Validity of Applying a Kompaneets Model
The Kompaneets model is one of the most widely
used analytic models for analysing superbubbles
(e.g. Basu et al. 1999; Pidopryhora et al. 2007;
Baumgartner & Breitschwerdt 2013). While there are
some properties of the Orion–Eridanus superbubble that
are not immediately obviously consistent with a Kom-
paneets model, these properties are all seen in other
superbubbles that have been successfully fit with a Kompa-
neets model, such as the Ophiuchus superbubble, the local
bubble, and the W4 superbubble.
The major axis of the Orion–Eridanus superbubble is
inclined 30◦ with respect to the normal to the Galactic
plane in the plane of the sky. The Ophiuchus superbubble
and the local bubble are also inclined from the normal to
the Galactic plane, although by only 15◦ (Pidopryhora et al.
2007) and 20◦ (Baumgartner & Breitschwerdt 2013), respec-
tively. While many models of the Orion–Eridanus super-
bubble have the bubble elongated close to parallel to the
Galactic plane (e.g. Reynolds & Ogden 1979; Burrows et al.
1993; Burrows & Zhiyu 1996; Lee & Chen 2009), the angle
between the normal to the Galactic plane and the major
axis of the superbubble is dependent upon the inclination
of the superbubble with respect to the plane of the sky. We
investigate various orientations of the bubble with respect
to the plane of the sky, such that we can obtain Kompaneets
model fits that are only inclined by 35◦ with respect to the
normal to the Galactic plane.
The large elongation of the Orion–Eridanus super-
bubble requires a y˜ value close to 2, since signifi-
cant elongation only occurs once y˜ > 1. Such large
y˜ values are, however, also required for the W4 su-
perbubble, Ophiuchus superbubble, and the local bub-
ble, with these three bubbles requiring y˜ values of 1.96
- 1.98 (Basu et al. 1999; Baumgartner & Breitschwerdt
2013), 1.96 - 1.998 (Pidopryhora et al. 2007), and 1.8
(Baumgartner & Breitschwerdt 2013), respectively.
Since the nearest superbubble to the Orion–Eridanus
superbubble, the local bubble, has been successfully fit with
a Kompaneets model, it suggests that the ISM into which
the Orion–Eridanus superbubble is expanding might be well
described as an exponential atmosphere. The gas layer of the
Galactic disc that is most relevant for the Orion–Eridanus
superbubble is the cold gas layer, which has a scaleheight
of 100-150 pc (Kalberla & Kerp 2009). The warm neutral
H i, warm ionized gas, and hot highly ionized gas layers of
the Galactic disc have scaleheights of 500 pc, 1.5 kpc, and
4.4 kpc, respectively, which are all larger than the extent of
the Orion–Eridanus superbubble (Lockman 1984; Reynolds
1989; Savage, Sembach & Lu 1997).
The presence of a giant molecular cloud, out of which
the stars powering a superbubble form, adds material above
that expected from an exponential atmosphere and can hin-
der the expansion of a superbubble, particularly towards
the Galactic plane. While the lower half of the W4 super-
bubble has a smaller size than predicted by Kompaneets
models due to the extra mass associated with the W4 loop,
a Kompaneets model fits the upper part of the superbub-
ble very well (Baumgartner & Breitschwerdt 2013). Models
of superbubbles expanding in Gaussian atmospheres show
that superbubbles rapidly grow in radius to match the effec-
tive scaleheight of each layer of the atmosphere the bubble
enters (Mac Low et al. 1989), such that any extra material
present in the Orion star-forming region should have little
effect on the shape of the Orion–Eridanus superbubble’s Eri-
danus half.
3 MODEL FITTING
3.1 Selection of Components
As described by a Kompaneets model, a superbubble’s wall
is particularly efficient at absorbing ionizing photons from
the source due to the higher density of the wall compared
to the interior of the bubble or the gas exterior to the bub-
ble. Thus, the Kompaneets model predicts that the edge of
a superbubble should be well defined by enhanced Hα emis-
sion, as Hα emission is produced from the recombination
of previously dissociated protons and electrons. For super-
bubbles expanding in exponential atmospheres, most of the
ionizing photons that escape through the edge of the super-
bubble wall are capable of travelling large distances from
the superbubble before being absorbed, such that H i emis-
sion is expected to only trace the edge of the superbubble
wall where the ionization front is trapped within the wall
(Basu et al. 1999). Thus, the Kompaneets model predicts
that Hα should be a better tracer of the morphology of a
superbubble than H i, and we choose to use the Hα extent of
the Orion–Eridanus superbubble to fit Kompaneets models
to.
Because of the relatively small distance between the
Orion–Eridanus superbubble and the Sun, there are numer-
ous small Hα features visible in the vicinity of the Orion–
Eridanus superbubble and it is non-trivial to select which
features are associated with the bubble wall and which fea-
tures are just small density fluctuations in the ISM illumi-
nated by ionizing photons leaking out of the superbubble.
We use the 0.75 and 0.25 keV X-ray emission to inform our
decision of which Hα features correspond to the edge of the
superbubble, as well as trying to preferentially choose fea-
tures closer to the centre of the superbubble, as the Kom-
paneets model predicts no significant internal structure to a
superbubble. Therefore, we select the Hα filament running
along a declination of approximately -12◦ as the southern
extent of the superbubble and the filament running from
the north end of Barnard’s Loop to the top of Arc A, at
(4h0m, 10◦), as the northern edge of the superbubble. We
therefore select Arcs A and B as being part of the bub-
ble wall, but place Arc C outside of the bubble wall. It is
still quite plausible that Arc C is related to the superbub-
ble, but has been formed by a process not included in the
Kompaneets model, such as a spatially localized blow out
c© 0000 RAS, MNRAS 000, 000–000
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of hot gas from the bubble wall (e.g. Heiles et al. 1999). We
have chosen the bubble wall to contain the regions where
both 0.75 and 0.25 keV X-ray emission are observed, but
not the southern extent of the 0.25 keV emission where no
0.75 keV emission is detected. This is because the nature
of this southern extension of the 0.25 keV emission is not
well agreed upon (Burrows et al. 1993; Snowden et al. 1995;
Heiles et al. 1999).
3.2 Model T: towards the Sun
Studies of interstellar absorption features in stellar spectra
towards the Eridanus half of the bubble reveal a wall of gas
moving towards the Sun at a distance of approximately 180
pc, which has often been interpreted as being the near wall of
the superbubble (Frisch, Sembach & York 1990; Guo et al.
1995; Burrows & Zhiyu 1996; Welsh, Sallmen & Jelinsky
2005). With this interpretation, we first attempt to fit a
Kompaneets model in which the superbubble is oriented
with the Eridanus end pointed towards the Sun and where
the near side of the bubble is approximately 180 pc distant.
The free parameters for this fit are the position of the east-
ernmost point of the bubble, the orientation of the major
axis of the bubble in the plane of the sky, the elongation of
the bubble (as controlled by the y˜ parameter), the inclina-
tion of the bubble with respect to the plane of the sky, and
the maximum width of the bubble. For all fits, the Orion
end of the superbubble is assumed to be 400 pc away, corre-
sponding to the estimated distance of the Orion star-forming
region (Menten et al. 2007). The scaleheight of the ISM (the
cold H i) exterior to the bubble and parallel to the major
axis of the bubble is also obtained from the model fit. Be-
cause of the complex structure of the region, all fitting is
done by eye. We estimate the relative error of this fitting
below.
The location of the driving source is not used as an in-
put parameter, but rather, is derived from the model. We
do not use the driving source as an input parameter be-
cause it is not clear which of the four separate subgroups
of stars that have formed in the last 10 Myr towards Orion
(Brown, de Geus & de Zeeuw 1994) have significantly con-
tributed to the formation of the Orion–Eridanus superbub-
ble. Furthermore, the location of the driving source has likely
shifted slightly over time, due to the proper motions of the
various subgroups in Orion. Fits of Kompaneets models to
the W4 superbubble also show that its driving source, OCl
352, is offset from the required source location for the best-
fitting Kompaneets model.
The best-fitting model for this bubble orientation, in
which the closest point on the near side of the bubble is 171
pc from the Sun, is shown in the top panel of Fig. 3 and
will hereafter be referred to as model T (for ‘towards’). On
the top panel of Fig. 3, the position of the driving source,
as predicted by the Kompaneets model, is denoted with an
asterisk and is roughly coincident with the position of the
Orion B molecular cloud. A schematic diagram of this model
is shown in the top panel of Fig. 4 and the basic parameters
of this model are given in Table 1.
Reasonably good fits can also be obtained, although
not shown, where Arc B corresponds to the end cap of the
bubble and Arc A is a feature on the near side of the bub-
ble. Because the fits are tightly constrained by the size of
Figure 3. Best-fitting Kompaneets models of the Orion–Eridanus
superbubble, white lines, overplotted on the Hα image of
Di Cicco & Walker (2009). The top panel shows the best-fitting
model for a bubble oriented towards the Sun, model T, while the
bottom panel shows the best-fitting model for a bubble oriented
away from the Sun, model A. The asterisks denote the locations
of the driving sources in the Kompaneets models and bubble pa-
rameters are given in Table 1.
Barnard’s Loop and the requirement that the near side be
approximately 180 pc distant, no adequate fits are found
with a value of y˜ below 1.999 or with a scaleheight greater
than 20 pc.
3.3 Model fit A: away from the Sun
There is some recent evidence that Arc A and the back side
of the Orion–Eridanus superbubble are located at a distance
greater than 500 pc (Boumis et al. 2001; Welsh et al. 2005;
Ryu et al. 2006). For a more thorough discussion on the pos-
sible distance to Arc A, see Pon et al. (2014). The absorp-
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Figure 4. Schematic diagram of models T and A. Model T is
shown in the top panel and model A is shown in the bottom panel.
In each of these schematic diagrams, the superbubble major axis
is inclined roughly 30◦ into the page, in order to match the offset
between the superbubble axis and the normal to the Galactic
plane apparent in Fig. 1. Thus, the major axis of the bubble in
model A is still 35◦ inclined from the normal to the Galactic
plane.
Table 1. Kompaneets model properties
Model y˜ H (pc) dmin (pc) dmax (pc) θ (
◦)
(1) (2) (3) (4) (5) (6)
T 1.9995 15 170 400 85
A 1.945 40 305 540 35
Note. Column (1) gives the model name. Columns (2) and (3) give
the value of the y˜ parameter and the scaleheight of the exponential
atmosphere, respectively. Columns (4) and (5), respectively, give
the distance to the closest and farthest point on the superbubble
wall. The maximum distance in model T occurs at the Orion end
while the far side of the bubble near the location of Arc A is only
275 pc distant. Column (6) gives the angle that the major axis of
the superbubble makes with the normal to the Galactic plane.
tion studies that place the near side of the superbubble at
180 pc also use lines coming from neutral, rather than ion-
ized gas and thus, these studies do not necessarily trace the
ionized wall of the bubble and may give a near distance that
is too small. Thus, we attempt to find a second model fit
where the bubble is oriented away from the Sun, such that
Arc A resides on the far side of the bubble and we drop the
constraint that the near side of the bubble must be roughly
180 pc distant from the Sun. For this model orientation, we
find that Barnard’s Loop cannot be accurately fit and thus
the position of the driving source is used as a fitting param-
eter, rather than the location of the easternmost part of the
bubble, as was done for model T. As before, the other fitting
parameters used are the orientation of the major axis of the
bubble in the plane of the sky, the elongation of the bubble,
the inclination of the bubble with respect to the plane of the
sky, and the maximum width of the bubble. The source lo-
cation is constrained to lie near the Orion B molecular cloud
and the far eastern edge of the bubble is assumed to be at
a distance of 400 pc. Once again, all fitting is done by eye.
The best-fitting model for this orientation is shown in
the bottom panel of Fig. 3 and will hereafter be referred to as
model A (for ‘away’). A schematic diagram of this model is
given in the bottom panel of Fig. 4 and the basic parameters
of this model are given in Table 1.
A slight reduction in the y˜ parameter also produces a
reasonable fit where Arc B is the end cap of the bubble.
Because there is no tight distance constraint on the Eridanus
end and no constraints on the shape of the Orion end, a
much wider array of models produce reasonable fits for a
bubble oriented away from the Sun. All reasonable bubble
fits, however, have y˜ > 1.7 and scaleheights less than 60 pc.
In model A, Arc A is located at a distance of 500 pc and
the closest point on the near side of the bubble is just over
300 pc distant from the Sun. The maximum diameter of the
bubble is 220 pc in model A, as compared to 100 pc in model
T. For a discussion of other physical parameters derivable
from this model, please see Appendix A.
4 DISCUSSION
Model T does a reasonable job of reproducing the morphol-
ogy of the Orion–Eridanus superbubble. In this model, both
Arcs A and B lie along the same plane perpendicular to the
major axis of the superbubble, such that the filaments trace
the bubble wall at a particular, constant distance from the
driving source. Given the orientation of the bubble towards
the Sun, Arc A traces the near side of the bubble while Arc
B traces the far side of the bubble. The sense of curvature
of Arc A comes out naturally from this model fit.
Unfortunately, this model has two significant flaws.
First, to match the observed elongation of the superbub-
ble, model T requires a scaleheight of only 15 pc for the
Galactic disc’s atmosphere. The scaleheight of the cold gas
layer of the Galaxy is generally estimated to be closer to
100-150 pc (Kalberla & Kerp 2009), a factor of 10 larger
than the scaleheight in model T. This 15 pc scaleheight of
model T is even smaller than the 25 and 27 pc scaleheights
derived from fits to the W4 superbubble (Basu et al. 1999;
Baumgartner & Breitschwerdt 2013).
Second, to match the near side distance, model T is 85◦
inclined with respect to the normal to the Galactic plane.
This is completely at odds with the expected direction of
the gradient in the Galactic ISM density profile and thus
we reject Model T as being an adequate fit of the Orion–
Eridanus superbubble.
We caution, however, that while we believe that Model
T is not an adequate fit of the Orion–Eridanus superbubble,
we do not rule out the possibility that the near side of the
superbubble is 180 pc distant and the superbubble is elon-
gated parallel to the Galactic plane. We merely conclude
that if the superbubble is elongated parallel to the plane,
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then the evolution of the bubble is not consistent with it
being controlled by pressure-driven expansion into the typi-
cally assumed exponential atmosphere of the Galactic disc.
An orientation parallel to the Galactic plane is not
completely unheard of for a superbubble. Catalogues of Hi
shells and supershells show that these shells tend to be pref-
erentially elongated parallel to the Galactic plane (Heiles
1979; Ehlerova´ & Palousˇ 2005, 2013; Suad et al. 2014). For
instance, of the 190 Hi supershells studied by Suad et al.
(2014), for which the mean weighted eccentricity is 0.8, ap-
proximately 70% of the supershells are oriented such that
their major axis is closer to being parallel to the Galactic
plane than being perpendicular.
Model A does not fit Barnard’s Loop, nor any of the
weak emission to the north of the bubble, but does fit some
weak features seen to the south of the bubble and does a
reasonable job fitting the Eridanus filaments. As in model
T, Arc B and Arc A both lie in the same plane perpendicular
to the major axis of the bubble at a fixed distance from the
driving source.
The failure of model A to reproduce the size of
Barnard’s Loop is not completely unexpected. The Kompa-
neets model assumes that the atmosphere into which a bub-
ble is expanding is a pure exponential atmosphere and does
not take into account the presence of any density enhance-
ments, such as that provided by a giant molecular cloud.
The greater density and pressure of a molecular cloud would
hinder the expansion of a superbubble in the direction of
that cloud, as has been suggested for the W4 superbubble
(Baumgartner & Breitschwerdt 2013). Thus, if the bulk of
the molecular cloud complex that gave rise to the Orion
star-forming region were originally located to the east of
the driving source of the superbubble, it would be expected
that the observed size of the superbubble in this direction
would be smaller than predicted by a Kompaneets model.
The failure of model A to match the size of Barnard’s Loop
might simply be due to the expansion of the superbubble
being slowed by the excess material present in and around
the Orion star-forming region.
The vertical scaleheight of the exponential atmosphere
in model A is 40 pc. This is still significantly smaller than
the typical scaleheight of the Galactic disc, but is closer to
the accepted value than either the scaleheight required for
model T or the scaleheight derived for the W4 superbub-
ble (Basu et al. 1999; Baumgartner & Breitschwerdt 2013).
The small scaleheights of models A and T are motivated by
the observed elongation of the Orion–Eridanus superbubble,
because, in a Kompaneets model, a bubble remains roughly
spherical until the bubble has expanded to a radial size of a
few scaleheights, as described in Section 2.1.
It is plausible, albeit unlikely, that the gas in the vicin-
ity of the Orion–Eridanus superbubble has been sufficiently
vertically compressed in the past to explain this small scale-
height. Some compression is expected for overdensities in
the disc due to the extra gravitational force of the overden-
sities. The Parker instability (Parker 1966) can also further
decrease the scaleheight of the ISM.
Model A has the major axis of the superbubble making
an angle of 35◦ with respect to the normal to the Galac-
tic plane. While not perfectly perpendicular to the Galactic
plane, the major axis of model A is much closer to alignment
with the normal to the Galactic plane than model T. Given
that the projection of the major axis of the superbubble on
to the plane of the sky makes a 30◦ angle with the normal to
the Galactic plane, model A is oriented such that the major
axis of the bubble is almost as close to perpendicular to the
Galactic plane as possible.
It is plausible that a 35◦ difference in orientation could
be due to a secondary process shaping the superbubble in
conjunction with the elongation induced by the exponential
atmosphere of the Galactic disc. We thus adopt model A as
our preferred model for understanding the Orion–Eridanus
superbubble. We believe that the expansion of the superbub-
ble in the Galaxy’s exponential atmosphere, coupled with
some secondary process that slightly collimates the bubble,
could easily produce a structure consistent with what is ob-
served, with the superbubble oriented away from the Sun.
4.1 Detailed Summary of Quality of Models A
and T
In the following subsection, we quickly summarize the de-
tailed advantages (+) and disadvantages (–) of models T
and A. The advantages and disadvantages of model T are
the following.
+ The model accurately traces both Barnard’s Loop and
the Eridanus filaments and the driving source in the model is
consistent with the location of the Orion B molecular cloud.
+ The near side of the model is approximately 180 pc
away, consistent with the detection of a wall of gas with
negative velocities at this distance (e.g. Welsh et al. 2005).
+ Arc A is on the near side of the bubble and thus could
produce the absorption features seen in diffuse X-ray emis-
sion (e.g. Snowden et al. 1995), while Arc B is on the far
side of the bubble, which is expected since the typical ve-
locity associated with Arc B is similar to that of the larger
of two velocity components detected towards the Eridanus
half of the bubble (Reynolds & Ogden 1979).
- The scaleheight required to fit the elongation of the
bubble, 15 pc, is much smaller than the generally accepted
scaleheight for the cold H i in the Galactic disc, 100-150 pc
(Kalberla & Kerp 2009).
- The bubble is elongated almost parallel to the Galac-
tic plane, which is perpendicular to the expected density
gradient in the disc.
- The model places Arc A on the near side of the bubble
and Arc B on the backside, such that Arc A should have
a more negative velocity than Arc B, whereas observations
reveal that Arc A has a more positive velocity (Haffner et al.
2003).
- The far side of the bubble in the model is less than 300
pc distant, whereas absorption studies have not detected the
far side within 500 pc (e.g. Welsh et al. 2005).
- Arc A is 200 pc distant, which is inconsistent with the
upper limits for the proper motion of Arc A derived by
Boumis et al. (2001).
- The bubble orientation is not well aligned with the local
magnetic field.
The advantages and disadvantages of model A are the
following.
+ The model accurately traces the Eridanus filaments.
+ The far side of the model, as well as Arc A, is over 500
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pc distant, consistent with non-detections in absorption and
proper motion studies (e.g. Boumis et al. 2001; Welsh et al.
2005).
+ Arc B is located closer to the Sun than Arc A, as sug-
gested from radial velocities (Haffner et al. 2003).
+ The major axis of the bubble is more closely aligned
with the normal to the Galactic plane, with the major axis
being 35◦ offset from the normal.
+ The projection of the bubble on to the Galactic plane
is in the direction of the local magnetic field.
- The scaleheight of the model, 40 pc, is smaller than
expected.
- The model does not reproduce the shape of Barnard’s
Loop.
- The near side of the bubble is over 300 pc distant and
thus this model cannot explain the absorption features de-
tected in the spectra of stars with distances greater than 180
pc (e.g. Welsh et al. 2005).
- Arc B is on the near side of the bubble, opposite of what
is suggested from radial velocities (Haffner et al. 2003), and
Arc A is on the far side of the bubble, such that it cannot be
the cause of absorption features seen in diffuse X-ray surveys
(e.g. Snowden et al. 1995).
5 IONIZATION FRONT FITTING
The location where an ionization front breaks out of a super-
bubble can be observationally determined by locating where
H i emission disappears from the bubble wall, as done in
Basu et al. (1999).
Because Hα emission is powered by the absorption of
ionizing photons, Hα intensity should be proportional to the
energy of ionizing radiation absorbed. Where the ionization
front occurs within the bubble wall, the Hα surface bright-
ness should vary roughly with the flux of incident ionizing
photons, as seen from the ionizing source, since all of the ion-
izing photons are absorbed within the wall. As such, the Hα
flux in these regions should vary inversely with the square of
the distance from the source. For regions where the ioniza-
tion front lies outside of the superbubble, the Hα intensity
should depend upon both the ionizing flux reaching the wall
and the fraction of the ionizing flux that the wall captures.
Thus, the Hα brightness of the wall should show a discon-
tinuity where the ionization front breaks out, as the Hα
intensity above the point where the ionization front breaks
out should be lower than predicted from the inverse square
distance dimming seen below the ionization front breaking
out.
There is a noticeable linear H i feature extending from
the northern tip of Barnard’s Loop. The H i cavity associ-
ated with the Orion–Eridanus superbubble also begins to
extend to the north of the Hα boundary of the bubble
around the north-western edge of Barnard’s Loop. Simi-
larly, the Hi cavity extends to the south of the Hα lim-
its of the superbubble just past the south-western tip of
Barnard’s Loop. As such, these H i data seem to indicate
that the ionizing photons from the Orion star-forming re-
gion are breaking out of the superbubble at the western
edges of Barnard’s Loop. This location would also be con-
sistent with the significant drop in Hα flux at the west-
ern edges of Barnard’s Loop and the diffuse Hα emission
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Figure 5. H i integrated intensities in the range −10 6 VLSR 6
20 km s−1 from the LAB Galactic H i Survey are shown in the
colour scale. The contours are integrated intensities of Hα from
the WHAM survey (Haffner et al. 2003) and are logarithmically
spaced with each contour corresponding to a factor of 2 increase in
intensity. The lowest contour corresponds to an integrated inten-
sity of 10 R. The Hα integrated intensities are velocity integrated
between -80 and 80 km s−1. The locations of Arc A, Arc B, and
Barnard’s Loop are labelled. The northern and southern H i fea-
tures, which we interpret as indicating the locations where the
ionization front breaks out of the Orion–Eridanus superbubble,
are also labelled.
coming from outside of the Hα features we have iden-
tified as being the bubble wall. Fig. 5 shows the inte-
grated intensity of 21-cm emission, for −10 6 VLSR 6 20
km s−1, from the Leiden/Argentine/Bonn (LAB) Galactic
H i Survey (Hartmann & Burton 1997; Arnal et al. 2000;
Bajaja et al. 2005; Kalberla et al. 2005), with the Wiscon-
sin H-Alpha Mapper (WHAM; Haffner et al. 2003) Hα inte-
grated intensities overplotted as contours and arrows point-
ing to the northern and southern H i features extending from
Barnard’s Loop.
LDN 1551 lies to the north of the Orion–Eridanus
superbubble, given the bubble boundary in both models
T and A, and slightly to the west of Barnard’s Loop.
Moriarty-Schieven et al. (2006) examine this small molec-
ular cloud and find evidence that it has been partially pho-
toevaporated by the Orion star-forming region. Lee & Chen
(2009) suggest that LDN 1551, as well as LDN 1558 and
LDN 1563 for similar reasons, must be on the edge of the
Orion–Eridanus superbubble for the clouds to be influenced
by the ionizing radiation from the Orion star-forming re-
gion. We instead suggest that these clouds lie outside the
superbubble, based upon the confinement of the 0.75 keV
X-ray emission, but are still irradiated by ionizing radiation
from the Orion star-forming region that is penetrating the
bubble wall past the edge of Barnard’s Loop. That is, we
suggest that the apparent photoevaporation of these clouds
is further evidence that the ionizing photons from the Orion
star-forming region breakout of the superbubble to the west
of Barnard’s Loop. These clouds may also have been sig-
nificantly shaped during prior intervals of time when the
ionizing flux from the Orion star-forming region was greater
than it is now. Such variations in flux over time would be
expected as the stellar population of the Orion star-forming
region changes.
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Barnard’s Loop may also be slightly porous to ionizing
photons as NGC 2149, GN 05.51.4, VDB64, and the Cross-
bones all show evidence of being affected by the superbubble,
despite Barnard’s Loop being between these small molecular
clouds and the Orion star-forming region on the plane of the
sky (Lee & Chen 2009). We note that soft, non-ionizing ul-
traviolet (UV) photons that penetrate the superbubble wall
can also help shape clouds outside of the superbubble. Al-
ternatively, projection effects may only make it appear that
there are no direct lines of sight between the Orion star-
forming region and these small clouds. Fig. 1 shows the lo-
cation of all of the above-mentioned clouds.
As shown by Basu et al. (1999), it is possible to theoret-
ically calculate whether, and where, an ionization front will
break-out of a particular Kompaneets model, given the ini-
tial density of the ambient gas at the location of the source,
the ionizing photon flux of the source, the temperature of
the material in the bubble wall, and the gas pressure of the
bubble wall. An ionization front will remain within a bub-
ble wall if the depth required to absorb all of the ionizing
photons is larger than the line of sight depth of the bubble
wall, such that
(
Φ∗ cos(φ) kT
2pi Ns Ps αb s2
)
> 1, (2)
where Φ∗ is the ionizing luminosity of the source, φ is the
angle between the surface normal of the wall and the line of
sight from the source to the wall, k is Boltzmann’s constant,
T is the temperature in the wall, Ns is the column density of
the wall, Ps is the pressure in the wall, αb is the recombina-
tion coefficient of hydrogen, and s is the distance from the
shell wall to the ionizing source. Note that Ns is dependent
upon the initial gas density at the height of the source. Thus,
by comparing the locations of the ionization front breakout
point in Kompaneets models to an observationally deter-
mined location, physical parameters of a superbubble and
its surrounding medium can be determined.
Since this approach determines the location of the ion-
ization front by assuming that the bubble walls are in ion-
ization equilibrium with the incident ionizing photons, the
only time dependence of the ionization front location comes
from the evolution of the superbubble shape over time. Fur-
thermore, since the Kompaneets model is two dimensional,
the resulting ionization front structure will also be two di-
mensional.
For the superbubble shape described in model A,
we calculate where the ionization front lies, following
the approach of Basu et al. (1999), if the initial den-
sity of the exponential atmosphere at the location of
the driving source was either 0.5 or 1 cm−3 (Heiles
1976; Ferriere, Mac Low & Zweibel 1991; Brown et al. 1995;
Kalberla & Kerp 2009) and the internal bubble pressure,
P/k, is either 1 × 104 or 5 × 104 K cm−3 (Burrows et al.
1993; Guo et al. 1995; Burrows & Zhiyu 1996). For this cal-
culation, the gas pressure in the bubble wall is taken to
be equal to the gas pressure within the bubble, although
Bisnovatyi-Kogan & Silich (1995) suggest that the pressure
within a superbubble’s wall may be twice that of the interior
of the bubble. Based upon constraints from prior observa-
tions, a temperature of 8000 K is adopted for the bubble wall
(Basu et al. 1999) and an ionizing luminosity of 4×1049 s−1
Table 2. Ionization front parameters
T P/k L n0
(K) (K cm−3) (s−1) (cm−3)
(1) (2) (3) (4)
High 8000 5× 104 4× 1049 1
Low 8000 1× 104 4× 1049 0.5
Note. Column (1) gives the adopted temperature of the bubble
wall. Columns (2)-(4), respectively, give the adopted ranges for
the bubble wall’s pressure, ionizing luminosity, and the initial
density of the exponential atmosphere at the height of the driving
source. The first row gives the highest value used and the second
row gives the lowest value used.
is selected (Reynolds & Ogden 1979). A summary of the pa-
rameter range investigated is given in Table 2.
For a bubble with the shape of model A, ionizing pho-
tons breakout everywhere for all combinations of the above
ionization parameters except for the case where the pressure,
P/k, is 5× 104 K cm−3 and the initial density is 1 cm−3. In
this case, where both the pressure and the number density
are high, the ionizing photons are trapped in the bottom half
of the bubble. There is no combination of ionization param-
eters for which the ionizing photons are still trapped within
the bubble wall at the distance of the Eridanus filaments.
While Basu et al. (1999) require an unusually large ini-
tial density of 10 cm−3 to match the observed location of
the ionization front in the W4 superbubble, we find that we
can reproduce the observed location of the ionization front
breakout in the Orion–Eridanus superbubble for an initial
density and pressure that are within the plausible ranges
suggested by prior observations.
Model A overpredicts the size of the superbubble to-
wards Barnard’s Loop and this larger model size makes it
easier for the bubble wall to fully trap ionizing photons. A
larger density and/or pressure may be required for a model
that accurately reproduces the size of Barnard’s Loop. For
instance, for a bubble with the shape of model T, the ion-
izing photons breakout of the bubble wall everywhere for
the parameter ranges given in Table 2. Conversely, the gi-
ant molecular cloud that the Orion subgroups have formed
within would provide additional mass to trap ionizing pho-
tons with Barnard’s Loop.
6 SECONDARY PROCESSES
Both the elongation and orientation of the Orion–Eridanus
superbubble are slightly at odds with what would naively
be expected for a bubble expanding in the exponential at-
mosphere of the Galactic disc. In this section, we address
physical processes not included in the Kompaneets model
that may influence the shape of a superbubble.
6.1 Magnetic Field
One potentially significant element missing from the Kom-
paneets model is magnetic fields, as magnetic fields hinder
the expansion of a superbubble in the directions perpen-
dicular to the magnetic fields (e.g. Tomisaka 1992, 1998;
Stil et al. 2009). While magnetic tension has been shown
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to be overpredicted in 2D simulations of expanding bub-
bles (de Avillez & Breitschwerdt 2005), 3D magnetohydro-
dynamic (MHD) simulations of expanding superbubbles
confirm that magnetic confinement can significantly alter
the shape of a superbubble (e.g. Stil et al. 2009).
The local Galactic magnetic field is oriented towards
a Galactic longitude of 85◦, parallel to the Galactic plane
(Rand & Lyne 1994; Heiles 1996). Assuming that the initial
magnetic field direction in the vicinity of the Orion star-
forming region is similarly directed, given the close proxim-
ity of the Orion star-forming region to the Sun, the magnetic
field direction near the Orion–Eridanus superbubble is ex-
pected to have an inclination with respect to the plane of
the sky of approximately 50◦. Measurements of the direction
of polarized interstellar starlight and Zeeman splitting near,
but outside of the bubble, confirm that the magnetic field
is parallel to the Galactic plane and inclined roughly 50◦ to
the plane of the sky (Appenzeller 1974; Heiles 1997).
Inside of the bubble, the polarization directions of
starlight are not compatible with magnetic fields oriented
parallel to the Galactic plane (e.g. Appenzeller 1974). A
magnetic pocket model, where the magnetic field lines to-
ward the Orion half of the bubble are pulled into an orien-
tation more perpendicular to the Galactic plane by a Parker
instability (Parker 1966), provides a reasonably good fit to
the polarization data (Appenzeller 1974). Heiles (1997) also
finds a reasonable fit with a paraboloid model, which treats
the bubble as a worm/chimney structure and attributes the
current magnetic field orientation to expansion motions from
the bubble, rather than to a pre-existing magnetic pocket.
Turbulent motions may also have altered the magnetic field
direction in the gas that the bubble expanded into.
For the case of an exponential atmosphere with a mag-
netic field oriented perpendicular to the density gradient, as
would be expected for a magnetic field parallel to the Galac-
tic disc, Stil et al. (2009) show that a superbubble will still
become elongated along the axis of the density gradient, al-
though to less of an extent than if the magnetic field were
not present. Thus, it is unlikely that the Galactic magnetic
field would produce a bubble oriented parallel to the Galac-
tic plane, as in model T. The major axis of the superbubble
in model T also makes an angle of 45◦ with the local mag-
netic field, making it even more unlikely that the Galactic
magnetic field would create the structure seen in model T.
The projection of the major axis of the superbubble in
model A on to the Galactic plane, however, is reasonably
well aligned with the magnetic field direction, with the pro-
jection being within 10◦ of the magnetic field direction. If
a vertical component were added to the expected magnetic
field configuration, the magnetic field would naturally chan-
nel the superbubble into an orientation similar to what is
observed. Without this vertical component, the superbub-
ble would not tilt towards the Galactic plane, as observed.
Stil et al. (2009) also show that if the magnetic field in
the Galactic plane is oriented towards the observer, Kompa-
neets models fit to a superbubble’s shape underpredict the
scaleheight of the gas by factors of 2-3 because magnetic
fields create more elongated bubbles than would otherwise
be expected. This could partially explain the low scaleheight
derived from model A. A preferential expansion of the bub-
ble along the line of sight would also help explain the large
ratio between the apparent depth of the bubble, 300 pc if
the near side is at 180 pc and the far side is more than
500 pc distant, and the north–south width of the bubble,
roughly 150 pc. While Stil et al. (2009) are unable to repro-
duce the factor of 4-10 reduction in scaleheight required by
the best-fitting models of the W4 and Orion–Eridanus su-
perbubbles, a magnetic field oriented perpendicular to the
Galactic disc would further contribute to the elongation
of a superbubble (Komljenovic, Basu & Johnstone 1999;
West et al. 2007; Bailey personal communication 2008).
Such an orientation of the magnetic field could be cre-
ated by a Parker instability (Parker 1966; Appenzeller 1974;
Basu, Mouschovias & Paleologou 1997) or by prior super-
novae (Heiles 1997; West et al. 2007). Since the magnetic
field direction is 50◦ inclined to the plane of the sky to-
wards the superbubble, however, the effective shortening of
the width of the superbubble will be reduced compared to
the best case models of Stil et al. (2009), in which the mag-
netic field is perfectly aligned with the line of sight.
6.2 Galactic Dynamics
Shear from Galactic differential rotation can elongate a bub-
ble over time and will eventually decrease the minor axis of
a bubble ellipsoid at a given height (Tenorio-Tagle & Palous
1987; Palous, Franco & Tenorio-Tagle 1990). The time-scale
over which Galactic shear is expected to be effective, how-
ever, is on the order of tens to hundreds of Myr (Heiles
1979; Tenorio-Tagle & Bodenheimer 1988; Tomisaka 1998),
whereas the age of the oldest star-forming group in the Orion
star-forming region is only 10 Myr (Brown et al. 1994).
Similarly, the time-scale for the Coriolis force to become
effective, 50 Myr (Tomisaka 1998), is too large for the Corio-
lis effect to be important. The Orion–Eridanus superbubble
is also unlikely to be affected by a warp in the Galactic
disc as the warp in the Milky Way only becomes prominent
beyond a Galactocentric radius of 9 kpc (Kalberla & Kerp
2009). Density contrasts between spiral arms and interarm
regions create radial density gradients in the disc, but the
density contrast between spiral arms and interarm regions
is only on the order of three to five (Roberts & Hausman
1984; Vogel, Kulkarni & Scoville 1988), such that it is un-
likely that the arm/interarm density contrast is responsible
for elongating the Orion–Eridanus superbubble.
Because of the Galactic gravitational potential,
gas moving vertically from the Galactic plane will
drift radially outwards from the Galactic Centre
(Collins, Benjamin & Rand 2002; Pidopryhora et al.
2007). While such a drift would lead to the Orion–Eridanus
superbubble pointing away from the Sun, as in model A,
this radial drift only becomes significant at heights of many
kpc (Collins et al. 2002).
6.3 Turbulence
Large-scale simulations of the ISM show that tur-
bulent flows and density inhomogeneities can gen-
erate reasonably elongated superbubbles (Korpi et al.
1999; de Avillez & Breitschwerdt 2005), including bub-
bles that are elongated parallel to the Galactic plane
(de Avillez & Breitschwerdt 2005). Turbulent motions in
the ISM not only directly influence the shape of a growing
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superbubble by acting on the superbubble walls, but also
indirectly influence the growth of a superbubble by altering
the density profile of the gas into which the superbubble will
expand. We do not expect the Galactic disc to have a per-
fect exponential atmosphere and significant deviations from
such an exponential atmosphere could channel an expanding
superbubble towards particular directions.
6.4 Secondary Driving Source
There are at least four separate subgroups of stars in Orion
that have formed over the last 10 Myr (Brown et al. 1994).
The winds and supernovae from the oldest subgroups will
have altered the conditions in the ISM into which the Orion–
Eridanus superbubble has been blown. Previous generations
of star formation may have created low-density channels in
the ISM that could have led to the elongation of the Orion–
Eridanus superbubble, although it is unclear whether such
previous star formation activity could induce the level of
elongation observed, especially considering that all of the
subgroups are on the Orion side of the bubble. Oey et al.
(2005) suggest that previous generations of star formation
activity around the W4 superbubble could have altered
the ISM into which the W4 superbubble has been blown
and this may account for the low scaleheight required by
the Basu et al. (1999) and Baumgartner & Breitschwerdt
(2013) Kompaneets fits to the bubble.
The ISM into which the Orion–Eridanus superbubble is
expanding may also have been affected by a foreground OB
subgroup. One potential source of such a subgroup is the IC
2118 cloud. IC 2118 is located 2◦ to the nort-west of Rigel
and is roughly 200 pc from the Sun, placing the cloud ap-
proximately 200 pc in front of the Orion star-forming region
(Kun et al. 2001). IC 2118 contains on the order of 100 M⊙
of molecular gas and is known to harbour tens of young stel-
lar objects with masses up to a solar mass, which have ages
on the order of a few Myr (Kun et al. 2001, 2004). Higher
mass stars, and their subsequent supernovae, may have been
present in IC 2118 in the past.
There are three massive stars that are all located be-
tween the Sun and the Orion–Eridanus superbubble. Betel-
geuse is a 17 M⊙ supergiant and its unusual proper motion
has led to speculation that it is either a runaway star from IC
2118 or that it is a runaway from Orion OB1a that has un-
dergone two velocity kicks from either supernovae or multi-
body interactions (Bally 2008; Harper, Brown & Guinan
2008). Rigel is a massive supergiant star that is 245 pc
from the Sun and externally illuminating the IC 2118
cloud (Bally 2008). Rigel has no significant radial veloc-
ity (Kharchenko et al. 2007) or proper motion (Høg et al.
2000) with respect to IC 2118, suggesting that Rigel may
have formed near its present location. Similarly, Saiph (κ
Ori), another massive star, is located 220 pc from the Sun
(Bally 2008). The presence of three massive stars between
the Sun and Orion further suggests that an OB subgroup
formed approximately 5-10 Myr ago between the Sun and
Orion (Bally 2008). The additional 0.25 keV emission seen
beyond the southern Hα boundary of the superbubble may
also be related to this OB subgroup, in line with the sug-
gestion from Burrows et al. (1993) that the extra 0.25 keV
emission is generated from a star outside of the Orion star-
forming region.
The presence of additional massive stars between the
Orion star-forming region and the Sun would have created
an additional cavity in the ISM that, upon merging with
the bubble created by the Orion star-forming region, would
have created a cavity elongated towards the Sun. Since IC
2118, Betelgeuse, Rigel, and Saiph are still on the Orion
side of the superbubble, it is not clear, however, whether
such a merger of bubbles could explain the elongation of
the Orion–Eridanus superbubble into the constellation of
Eridanus. Similarly, it is unclear whether the limited star
formation in IC 2118 could impact the ISM on the scales
necessary to significantly alter the morphology of the Orion–
Eridanus superbubble.
An additional foreground population of 2600 stars has
also been detected in front of the Orion A cloud, although
these stars are still reasonably close to the Orion star-
forming region with these stars being 380 pc form the Sun
(Alves & Bouy 2012; Bouy et al. 2014).
6.5 Edge Identification
The apparent elongation of the Orion–Eridanus superbubble
could also be due to a misidentification of the location of the
bubble wall. The Hα features fit in Section 3 may not trace
the true exterior of the bubble. The H i and dust (see for
instance the 100 µm Infrared Astronomical Satellite, IRAS,
maps of the bubble; Miville-Descheˆnes & Lagache 2005) fea-
tures lying outside of the Hα features may trace the true
walls of the bubble. Such a larger bubble would have a
smaller elongation and would not require as small of a scale-
height for the exponential atmosphere. These H i and dust
features also appear to trace out a bubble that is closer to
being perpendicular to the Galactic plane, at least on the
plane of the sky, especially given the southern extension of
H i filaments towards Arc C. It is possible that some of the
observed Hα emission could be coming from clouds within
the bubble that were not fully swept into the wall of the
bubble or could be coming from material injected into the
bubble from the Orion star-forming region. The extension of
the 0.25 keV X-ray emission to the south of the Hα bound-
ary would also agree with the larger bubble shape suggested
by the H i data. Since the soft 0.75 keV X-ray enhancement
is relatively well confined by the Hα filaments, however, we
consider it unlikely that the bubble walls extend significantly
past the apparent Hα boundary of the superbubble.
7 CONCLUSIONS
The Orion star-forming region is the closest high-mass star-
forming region currently forming stars and it has blown a
large 20◦ x 45◦ superbubble into the ISM. We fit Kompa-
neets models, models of bubbles driven by continuous en-
ergy sources expanding into exponential atmospheres, to the
morphology of the Orion–Eridanus superbubble, as traced in
Hα. We are unable to find a reasonable model fit where the
superbubble is oriented with the Eridanus side closer to the
Sun and the near side of the superbubble is approximately
180 pc away. A model (model A) where the Eridanus side of
the superbubble is oriented away from the Sun and the back
side is approximately 500 pc distant, however, provides a
marginal fit to the data. This model is slightly inclined from
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the normal to the Galactic plane, by 35◦, and has a slightly
unusually small scaleheight of 40 pc for the Galactic disc’s
exponential atmosphere, although this small scaleheight is
consistent with the scaleheight of 25 pc found for the W4 su-
perbubble (Basu et al. 1999; Baumgartner & Breitschwerdt
2013). We propose that model A should be adopted as a
general framework for understanding the Orion–Eridanus
superbubble, with some secondary process required to ac-
count for the elongation of the superbubble and the offset
between the superbubble’s major axis and the normal to
the Galactic plane. Possibilities for this second process in-
clude magnetic fields, turbulent flows, Galactic dynamics,
and additional driving sources. In particular, the combina-
tion of model A with magnetic fields and/or a secondary
driving source provides a reasonably compelling solution for
the shape of the Orion–Eridanus superbubble.
The Orion–Eridanus superbubble provides a further ex-
ample of a superbubble that is unusually elongated (e.g.
Basu et al. 1999) and oriented away from the normal to the
Galactic plane (e.g. Suad et al. 2014), such that physics be-
yond that included in the Kompaneets model are required to
fully explain the observed shape of the superbubble. Since
superbubbles play an important role in Galactic ecology by
funnelling hot gas out of the Galactic plane and into the
Galactic halo, it is vital that this secondary process be iden-
tified and understood. An increase in the typical elonga-
tion of a superbubble will promote the transport of hot gas
into the halo while a shift of the major axis of a super-
bubble towards the Galactic plane will tend to trap hot gas
closer to the Galactic plane. The Orion–Eridanus superbub-
ble presents a prime candidate for further study into this
secondary process, given the superbubble’s nearby location.
The orientation of the Orion–Eridanus superbubble, towards
or away from the Sun, also provides an observable test on
the importance of this secondary process.
Based upon prior observations, we suggest that an ion-
ization front breaks out of the Orion–Eridanus superbubble
wall just past the western edges of Barnard’s Loop. We fit
multiple ionization front models to our best-fitting Kompa-
neets model and find that we can reproduce the observed
location of the ionization front breakout if the interior bub-
ble pressure, P/k, is 5× 104 K cm−3 and the initial density
of the exponential atmosphere at the height of the Orion
star-forming region is 1 cm−3. Based upon the shape of our
best-fitting model, we suggest that LDN 1551, LDN 1558,
and LDN 1563 lie outside of the superbubble’s wall, although
these clouds should still be sculpted by ionizing photons
from the Orion star-forming region that penetrate the su-
perbubble’s wall past the edges of Barnard’s Loop.
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APPENDIX A: PHYSICAL PROPERTIES OF
THE BUBBLE
For a Kompaneets model, the interior pressure, age, interior
temperature, expansion velocity, and wall density of the su-
perbubble can be determined by specifying the driving lu-
minosity and the initial density of the exponential atmo-
sphere at the height of the source. The superbubble wall
density calculation is the same as done in Pon et al. (2014)
for the Eridanus filament densities and thus is not repro-
duced here. Pon et al. (2014) find that the density of the
wall should be between 1 and 6 cm−3. A typically used value
for the average rate of mechanical energy deposited into the
ISM by an OB association is 1038 erg s−1 (e.g. Heiles 1987;
Mac Low & McCray 1988; Shull & Saken 1995; Bally 2001),
although the Orion star-forming region is believed to have
an average mechanical energy input rate of only 2 × 1037
erg s−1 (Reynolds & Ogden 1979; Brown et al. 1994). We
choose to adopt an initial density range of 0.5-1 cm−3
for the exponential atmosphere (Heiles 1976; Ferriere et al.
1991; Brown et al. 1995; Kalberla & Kerp 2009), which is
the same range chosen for the ionization front fitting in Sec-
tion 5.
A1 Pressure
X-ray data have been used to determine that the interior
pressure, P/k, of the superbubble is 1 × 104-5 × 104 cm−3
K (Burrows et al. 1993; Guo et al. 1995; Burrows & Zhiyu
1996). Burrows & Zhiyu (1996), however, suggest that the
pressure, P/k, at the Eridanus end of the bubble might be
as low as 1200 cm−3 K.
One of the known problems with a Kompaneets model
is that it predicts that the top of an expanding superbubble
will reach an infinite distance from the driving source in a
finite time. Realistic bubbles will not obtain the high, late-
time velocities predicted by a Kompaneets model. At later
times in a bubble’s evolution, when the expansion velocity
given by the Hugoniot jump conditions becomes larger than
the sound speed inside of the bubble, a pressure gradient is
likely to form with the pressure being greatest towards the
base of the atmosphere. At this time, the Kompaneets model
assumption of constant pressure becomes invalid. Deviations
away from exponential atmosphere profiles at large heights
may also limit the expansion velocities of real superbubbles.
Because a Kompaneets model overpredicts the late-
stage expansion velocity of a superbubble, such a model is
also expected to slightly underpredict the pressure at late
times of a bubble’s expansion. For our adopted range of
initial densities of the exponential atmosphere, the thermal
pressure, P/k, within the bubble is between 0.9 and 1.1×104
K cm−3 in model A. Basu et al. (1999) suggest that for a
bubble fit with a Kompaneets model, the best estimate for
the pressure within the bubble at later times in the bubble’s
evolution is given by the interior pressure of the Kompa-
neets model when the expansion speed of the top of the
bubble reaches the sound speed within the bubble. They ar-
gue that when the expansion speed becomes supersonic, a
pressure gradient will form within the bubble and the inte-
rior pressure of the bottom section of the bubble will remain
roughly constant throughout the remainder of the bubble’s
evolution. Using this approach, we find that a more accurate
estimate of the pressure, P/k, for model A is 1.5 × 104 K
cm−3. This pressure is consistent with observationally de-
rived pressures for the superbubble. For reference, the top
cap of the superbubble becomes supersonic when y˜ is 1.886
in model A. The typical ISM pressure, P/k, is only on the
order of 3 × 103 K cm−3 (e.g. Kalberla & Kerp 2009), and
thus, the superbubble is clearly overpressured and should be
expanding, as observed (e.g. Reynolds & Ogden 1979).
A2 Age
Because Kompaneets models tend to overpredict the
expansion velocities of superbubbles, they are known
to also slightly underpredict the ages of superbubbles
(Komljenovic et al. 1999; Stil et al. 2009). Thus, the ages
derived below for model A should be considered lower lim-
its. Stil et al. (2009) fit Kompaneets models to simulations
of superbubbles expanding into stratified, magnetic media
and show that while their Kompaneets model ages are too
small, they are still accurate to within a factor of 4. Stil et al.
(2009), however, do not simulate bubbles as highly elongated
as the Orion–Eridanus superbubble.
Model A predicts an age of approximately 2.5 Myr for
the Orion–Eridanus superbubble. This age is consistent with
previously calculated dynamical ages of the superbubble,
which are on the order of a few Myr (e.g. Brown et al. 1994).
It is also in agreement, given that it may be underestimated
by a factor of 4, with the ages of Orion OB1b, c, and d, 2-8, 2-
6, and <2 Myr, respectively (Brown et al. 1994; Bally 2008),
but does not provide any significant constraints on which
group initially formed the superbubble. Orion OB1a, with
an age of 8-12 Myr (Brown et al. 1994), may be marginally
too old to be the driving source of the superbubble.
A3 Interior Bubble Temperature
Following the methodology of Basu et al. (1999), we assume
that the interior temperature of the superbubble follows the
equation from Weaver et al. (1977) for the temperature at
the centre of a spherical bubble:
T = 63.6
(
L0
Rs
)
K, (A1)
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where T is the bubble temperature, L0 is the mechanical
energy luminosity of the bubble, and Rs is the equivalent
spherical radius given by
Rs =
(
125
154pi
)1/5
L
1/5
0
ρ
−1/5
0
t3/5, (A2)
where ρ0 is the initial density at the height of the driving
source and t is the time since the formation of the super-
bubble. From this equation, model A should have an in-
terior temperature of 4 × 106 K. The photoevaporation of
any small gas clumps remaining within the superbubble wall
will cool the bubble interior and this quenching may cause
the temperature of the interior to be slightly overestimated
(McKee, van Buren & Lazareff 1984).
From X-ray observations, the interior temperature of
the superbubble has been observationally determined to be
1-4 ×106 K (Williamson et al. 1974; Naranan et al. 1976;
Long et al. 1977; Burrows et al. 1993; Guo et al. 1995),
which is consistent with our model temperature. The in-
terior density of the superbubble has also been estimated
to be between 0.004 and 0.015 cm−3, roughly consistent
with the estimated temperature and pressure of the inte-
rior (Burrows et al. 1993; Guo et al. 1995; Burrows & Zhiyu
1996).
A4 Expansion Speed
In model A, the expansion velocity of the bubble at the lo-
cation of Arc A is roughly 120 km s−1. Given that the angle
between the expansion velocity of Arc A and the line of sight
to Arc A in model A is small, 7◦, the expected observed line
of sight velocity from this model, 119 km s−1, is much higher
than the observationally determined line of sight expansion
velocity of 15 km s−1 (e.g. Reynolds & Ogden 1979). As dis-
cussed previously, it is a known problem of the Kompaneets
model that the expansion velocities are overestimated at late
times, particularly after the expansion speed of the top of
the superbubble becomes supersonic. This transition to su-
personic velocities occurs approximately 0.25 Myr before the
bubble reaches its current configuration in model A.
The expansion velocity of the bubble along its major
axis must have been larger in the past than the currently
observed line of sight expansion velocity, 15 km s−1, since
an average speed of 35 km s−1 is required for the bubble
to expand to its 300 pc total length, assuming an upper
limit of 8 Myr for the age of the bubble, based upon the
time since the formation of Orion OB1b (Brown et al. 1994).
This average speed of 35 km s−1 is still small compared to
the model prediction for the current expansion speed of the
superbubble. If the bubble is only 2 Myr old, the required
average expansion speed would be even larger, 140 km s−1.
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